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We consider a simple implementation of a minimal Z′ model in the context of the anomalies in the
B decays. With the assumption of the primary contribution being due to the electron, implications
from the recent measurements on the weak charge of proton QpW and the Caesium atom Q
Cs
W are
studied. The conclusion is characterized by different limiting behaviour depending on the chirality
of the lepton current. The constraints are then compared with those coming from direct searches.
This observation is crucial in determining the exact nature of the solution to the anomaly. The
bounds on the simplified models from atomic physics are then compared with those from direct
searches. We demonstrate that a minor improvement in the atomic physics measurements can be
comparable with the bounds from direct searches with possibly better sensitivities for the heavier
masses (& 3.9 TeV). We finally comment on the collider prospect for observing states beyond the
realm of resonant production at LHC.
The observation of flavour non-universality in the semi
leptonic decays of the B mesons constitutes one of
the strongest hints for beyond standard model (BSM)
physics. The measurement of the theoretically clean ra-
tio RK = B(B+ → K+µ+µ−)/B(B+ → K+e+e−) [1]
RK |q2=1−6 GeV 2 = 0.745+0.090−0.074 (stat)± 0.036 (syst)
signaled a ∼ 2.6 σ deviation from the standard model
(SM) prediction of RSMK = 1.0003 ± 0.0001 [2, 3].
Similarly, the measurement of RK∗ = B(B0 →
K∗0µ+µ−)/B(B0 → K∗0e+e−) [4]:
RK∗ =
{
0.660+0.110−0.070(stat)± 0.024(syst), low q2
0.685+0.113−0.069(stat)± 0.047(syst), med q2
(1)
painted a similar picture to that of RK . A comparison
with the SM prediction, leads to a 2.4σ deviation for low
q2 and ∼ 2.5 σ for medium q2. The reported deviations
can be parametrized in terms of additional contributions
to the Wilson coefficients of the following effective oper-
ators:
Heff = −Gfα√
2pi
VtbV
∗
ts
∑
i
OXY CXY (2)
where CXY = C
SM
XY + C
NP
XY . The observed deviation in
the exclusive models for the angular observable P ′5 [5] in
B → K∗µµ decays by the LHCb [6, 7] and the BELLE [8]
experiments suggested the possibility of new physics in
the muon sector [9–15]. However, the exclusive modes are
characterized by undetermined power corrections making
it difficult to separate the NP effects from those of the
SM.
There are several fits involving different combinations
of Wilson coefficients (WC) for the leptons. [15–19]. In
this letter we will consider the other extreme possibility
where the NP couples solely to the electron. One dimen-
sional fits in the basis of Eq. 2 were considered in [19].
In a simplified model with an additional heavy neutral
vector, we make the first attempt to study the implica-
tions of the explanations of these fits on measurements
in atomic physics. Particularly, we are interested in the
recent measurements of the weak charge of the proton
QpW [20] and the Caesium atom (Q
Cs
W ). In the SM, it re-
ceives contribution due to the following neutral current
Lagrangian:
LQW ,QP =
e¯γµγ5e
2v2
∑
q=u,d
C1q q¯γ
µq (3)
The tree-level expressions for C1q are given as: C1u =
− 12 + 43 sin2θW , C1d = 12 − 23 sin2θW
The SM values for C1q are: C
SM
1u = −0.1887± 0.0022
and CSM1d = 0.3419 ± 0.0025 . The expressions for the
weak charge of the proton and Caesium atom (in terms
of C1q) are given as:
QpW = −2 [2C1u + C1d]
QCsW = −2 [55(2C1u + C1d) + 78(C1u + 2C1d)] (4)
Following the independent measurements for the proton
[20] and the Caesium atom [21], the allowed ranges at 1σ
are:
QpW = 0.0719±0.0045 ; QCsW = −72.58(29)expt(32)theory
(5)
The simultaneous compatibility of both these measure-
ments is illustrated in Fig. 1. It gives the corresponding
2σ ranges allowed by the measurement of weak charge
of proton (gray) and Caesium (brown) in the C1u − C1d
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2plane. The central value in the SM is represented by the
black point and lies in the region of overlap due to both
experiments. The left plot gives the range for the weak
charge measurements of the proton where the theoretical
and experimental errors in Eq. 5 are added in quadrature
while the right plot corresponds to the linear sum. As ex-
pected, with the errors added linearly, the SM exhibits a
greater degree of consistency with the measurements. To
facilitate comparison with [20], we will restrict our anal-
ysis to the errors being added in quadrature. Any NP
contribution to either the C1u or C1d must satisfy the
constraints from both the measurements simultaneously
and will be the focus of the following discussion.
FIG. 1. Allowed regions in the C1uC1d plane due to measure-
ments of weak charge of proton (gray) and Caesium (brown).
The central value in the SM is represented by the black point.
The left plot corresponds to the error in Eq. 5 added in
quadrature while the right corresponds to the linear sum.
New physics contributions
The coefficients C1q in Eq. 3 can receive corrections
due to different extensions of the SM. They can be in-
duced either at tree level due to the direct exchange of
heavy vectors or at one-loop. Before we discuss a spe-
cific implementation of a well defined NP scenario, we
consider a generic NP contribution to Eq. 4 as:
LNP = e¯γµγ5e
Λ2
∑
q=u,d
C
′NP
1q q¯γ
µq =
e¯γµγ5e
2v2
∑
q=u,d
CNP1q q¯γ
µq
(6)
where we define CNP1q =
2v2C
′NP
1q
Λ2 . Note that the appear-
ance of factor ( 1v2 ) in Eq. 6 is to facilitate comparison
with the SM contribution in Eq. 3. Combining Eqs. 3
and 6, we get
L = e¯γµγ5e
2v2
∑
q=u,d
Ceff1q q¯γ
µq
where Ceff1q = C
SM
1q + C
NP
1q and correspondingly lead
to corrections to Eq. 4. Similar to the SM, the CNP1q
(C
′NP
1q to be precise) can be factored into the NP ax-
ial vector coupling to electrons (gAVe ) and the vector
coupling to light quarks (gVq ) and can be expressed as:
C
′NP
1q = g
V
q g
AV
e . The range of these couplings can be
influenced by observations in other flavour sectors which
could be limited by the allowed regions in Fig. 1. Im-
plications of the measurements of QpW and Q
Cs
W on NP
parameters have been considered in [22–25]. In the fol-
lowing, we consider an effective model with a heavy neu-
tral vector Z ′ in the context of the observed evidence for
lepton flavour universality violation in the semi-leptonic
decay of B mesons. Using the observations from atomic
physics in different simplified realizations of Z ′, we study
its impact on the allowed solutions as well as on direct
searches.
While the anomalies correspond to a flavour changing
observable, QCs,pW is characterized by the flavour diago-
nal transition. Thus a correlation is possible only with
the aid of an underlying model characterized by a flavour
symmetry. We fit the Wilson coefficients for the anoma-
lies at B meson scale and determine the correlation be-
tween the different couplings. This correlation between
the couplings gq, ge is then used to compute its effects on
the C1q which are determined at q
2 = 0. We now discuss
a minimal model of heavy neutral vectors which can fa-
cilitate this correlation.
Minimal Z ′ model: Models with additional heavy gauge
bosons can be considered a consequence of an extended
gauge symmetry viz. U(1), SU(2) etc. [26]. Alterna-
tively, these states could also manifest as Kaluza-Klein
excitations of gauge fields in extra-dimensional models.
[27]. A minimal framework in the context of B anoma-
lies, but with muons, was considered in [28].
The pattern of the FCNC couplings is determined by the
structure of the couplings of the fermions to the gauge
bosons. Assuming the up-quarks to be in the mass basis,
the rotation matrix in the down sector is DL = VCKM .
While the left handed rotation is set by charged current
couplings, there remains an ambiguity in the form of the
right handed rotation matrix. For simplicity we assume
the rotation matrix for down type singlets to also follow
DR ∼ VCKM . The model assumes a U(2) flavour symme-
try in the coupling of the quarks to the Z ′: irrespective
of the chirality we require gq = gs = gd to NP. This is
essential in obtaining a VCKM like scaling in order to
satisfy the constraints from ∆F = 2 processes [29, 30].
With this background, the most general Lagrangian, af-
ter electroweak symmetry breaking, responsible for b→ s
3transitions in a Z ′ model can be parametrized as:
L = Z
′µ
2 cos θw
[
ge(g
′
e)e¯γµPL(R)e+ gµ(g
′
µ)µ¯γµPL(R)µ
+
∑
q
(gq q¯γµPLq + g
′
q q¯γµPRq)
+ (gt − gq)V ∗tsVtbs¯γµPL,Rb+ . . . ] (7)
Z-Z
′
mixing: Depending on the underlying framework,
the extent of mixing of the SM Z with the Z ′ can affect
the electroweak precision observables. The mixing could
be induced by vacuum expectation value (vev), kinetic
mixing or loop induced. Since we attempt to represent a
wide category of Z ′ scenarios we assume a mass mixing of
the form c
m2Z
m2
Z′
where c ∼ O(1). For simplicity we assume
c = 1. This gives a contribution to the Z → ff¯ coupling
of the form gf
m2z
m2
Z′
, where gf is the Z
′-ff¯ coupling. The
constraint on the size of gf for the leptons from Z −
Z ′ mixing is particularly strong which translate into an
upper bound on gf as gf
m2Z
m2
Z′
/ 0.001. For cases where
O(1) parameter is 1, leads to a relatively stronger upper
bound on gl. However, one can relax these bounds if
the gauge symmetry is extended to a custodial symmetry
with the fermions embedded in custodial representations
[31–33]. In parallel, this mixing could be also induced at
loop level [34] or a kinematic mixing with a small mixing
parameter [35] enabling a relaxation of the constraints.
In order to represent a significant fraction of Z ′ scenarios,
in this analysis we assume gf
m2Z
m2
Z′
to be at-most ∼ 0.001.
Anomalies: Independent of the underlying frame-
work the structure of the Wilson coefficient contributing
to b → sll decays remains similar. There exist several
possibilities for the solutions to the anomalies: chi-
rality of the quark and lepton current as well as the
lepton identity. Since we are interested in developing a
correlation with atomic physics experiments involving
electrons, we will only consider the cases where the
electron contributions to the NP Wilson coefficients are
non-negligible.
Electron only: Since we assume the contribution to the
Wilson coefficients due to the muon to be negligible, we
set gµ ≪ ge in Eq. 7. Fits involving only the electrons
were considered in [19] for different combinations of
chirality of the quark and the lepton current. The
best fit point and the corresponding 2σ ranges for the
Wilson coefficients are given in Table I. For each of the
fits, it is assumed that only the corresponding Wilson
coefficients in the second column of Table I contributes
while the others are vanishing. Corresponding to Table
I we discuss each of the possibilities below:
Case A g′e = 0: This is the case where the right handed
lepton current in Eq. 7 vanishes. Additionally we assume
a U(3) symmetry in the coupling of the singlets to the
Z ′ resulting in the absence of tree level FCNC for the
WC operator Best fit 2 σ
Case A CLL (s¯Lγ
µbL)(e¯LγµeL) 0.99 [0.37,1.61]
Case B CLR (s¯Lγ
µbL)(e¯RγµeR) -3.46 [-4.76,-2.16]
Case C CRR (s¯Rγ
µbR)(e¯RγµeR) -3.63 [-5.5,-2.67]
TABLE I. 2σ ranges used for the fits to Wilson coefficients in
the case where only electron couples to New Physics.
down type singlets. Using Eq. 2 and Eq. 7, the Wilson
coefficient CLL contributing to b→ sll processes is given
as:
CLL =
√
2pige(gt − gq)
4 cos2 θWm2Z′GFα
(8)
For the first two generations, we assume a L ↔ R sym-
metry in the coupling to Z ′ resulting in gqV = gq. For the
electron the axial vector coupling is simply gAVe = ge/2.
Using this,, the coefficients C1q get corrected as
Ceff1q = C
SM
1q +
2v2gegq
8 cos2 θWm2Z′
(9)
The additional factor of 14 cos2 θW is due to the form of the
Z ′ Lagrangian in Eq. 7. The following ranges are chosen
for the fermion couplings:
ge ∈ [0.02, 2] gt ∈ [0.02, 2] gq ∈ [0.02, 2] (10)
These ranges are chosen in general and appropriate con-
straint on the value of ge is applied for the corresponding
mass. The upper bound is chosen such that g2/4pi ≤ 1.
The upper bound of ‘2’ is chosen so as to be consistent
with an ∼ O(1) parametrisation of couplings. Note that
this is well below the rough pertubativity bound g2/4pi.
As we shall see below the results do not depend on the up-
per limit of the numerical scans. Left plot of Fig. 2 gives
the overlap of the region satisfying the anomaly (blue)
superimposed on Fig. 1. The black point denotes the SM
prediction. The length of the blue band satisfying the
anomalies is determined by scanning the allowed ranges
for the coupling parameters. Irrespective of the length,
Fig. 2 illustrates that there exists only a marginal region
common to fit involving Eq. 8 and the anomalies. To rep-
resent the change in the ranges of the quark couplings we
define:
CDF(x) =
∫ x
−∞
P(x)dx (11)
This can be understood as follows: Let X be a given
set of solutions. For a given point on the x axis, the
CDF expresses the percentage of solutions in X such that
X ≤ x. CDF = 1 at a given xa implies all solutions sat-
isfy X ≤ xa. Top right plot of Fig. 2 gives the CDF for
the light quark coupling gq. The uniform increase in the
CDF for the blue curve is indicative of the fact that the
range [0, 1.8] is admissible. The red curve on the other
hand corresponds to the case when the limits from atomic
physics are imposed. It rises rapidly and reaches ∼ 1 at
4around gq ∼ 0.23 which corresponds to the maximum al-
lowed value. Note that the case gq → 0 is admitted by
both the anomaly solutions as well as the atomic physics.
It represents the limiting case Ceff1q ' CSM1q . This bound
will have implications for the direct production cross sec-
tions and will be discussed later. Note that when gq → 0,
the SM limit is recovered. This is a consequence of the
fact that for the solutions to the anomalies, the Wilson
coefficients are proportional to (gt−gq) such that gt > gq.
FIG. 2. Results with electron only fits for Case A. Left plot
gives the projection on the C1u − C1d plane, while the right
plot represents the changes in the range for gq. The blue
(red) curve represents the CDF before (after) the imposition
of atomic physics constraints.
Case B ge = 0: This corresponds to the case where the
NP contribution to the Wilson coefficients is only due to
the right handed electron (CLR) and the corresponding
ranges are given in the second row of Table I. The Wilson
coefficient in this case is given as:
CLR =
√
2pig′e(gt − gq)
4 cos2 θWm2Z′GFα
(12)
It is important to note that the sign is reversed relative to
Case A. We consider an implementation of the coupling
ranges similar to Case A. The negative value is only pos-
sible for gq > gt. Since only the right handed electron
current couples to new physics, the corresponding axial
vector current is simply gAVe = −g′e/2. For the light
quark case we first begin with the assumption of L↔ R
symmetry: gq = g
′
q. In this case, the coefficients C1q get
corrected as
C1q = C
SM
1q −
2v2g′egq
8 cos2 θWm2Z′
(13)
The results are illustrated in the top left plot of Fig. 3.
Unlike Case A, the limiting case does not reduce to the
SM as seen in the top left plot of Fig 3. This is a conse-
quence of the fact that for the solutions to the anomalies,
the Wilson coefficients are negative. They are propor-
tional to (gt − gq) where gq > gt. Thus gq → 0 is not
permitted. However, these solutions are not compatible
with the constraints from atomic physics. This is due to
the fact that relatively large contributions to C1q are due
to gq and the fact that g
V
q = gq. If we assume gq ≫ g′q
FIG. 3. Results with electron only fits for Case B. Top left
plot corresponds to the case gq = g
′
q while the top right cor-
responds to gq ≫ g′q. The bottom plots gives the changes in
the range for gt (left) and gq (right) corresponding to the case
gq ≫ g′q.
i.e. no L → R symmetry, then gVq = gq/2 and the coef-
ficients C1q now get corrected as:
C1q = C
SM
1q −
2v2g′egq
16 cos2 θWm2Z′
(14)
The corresponding results are now shown in the top right
plot of Fig. 3. The agreement with the atomic physics
constraints is due to the reduction of the numerical value
of gVq with respect to the case with L↔ R symmetry for
the light quarks. Such a framework can be arranged for
instance in a warped framework where the doublets are
more composite than the singlets, while compromising
the explanation of the hierarchy of Yukawa couplings. It
has to be noted in this case that the minimum required
coupling for the coupling of right handed electron (g′e) is
at the edge of g′e
m2Z
m2
Z′
' 0.001. However, it can be more
easily accommodated if, for instance, we assume a minor
departure from O(1) mixing.
Case C ge = 0: This case is similar to B, with the
only difference being the presence of FCNC in the singlet
sector as opposed to the doublets. Given that the ranges
in Table I are similar for B and C, one can expect similar
results in terms of the ranges of the couplings for both
the cases. The only difference between B and C would
be that a consistent set of solutions would necessitate
g′q ≫ gq in this case.
COLLIDER IMPLICATIONS
The solutions consistent with the constraints from
atomic physics also have an interplay with direct
searches. We discuss this correlation in the context of
the cases discussed above:
5Case A: In this scenario, the limiting case being the SM
(gq → 0), strong upper bounds were obtained on the
value of gq and hence the Z
′ production cross section. It
will be interesting to compare it with the bound from di-
rect searches. In a Z ′ model with coupling to electrons,
there exists strong limits from direct searches for both
ATLAS [36] and CMS [37]. For instance for a 3 TeV
resonance decaying into ee, there is an upper bound on
σ × B.R. < 0.5 fb. Since the solutions to the anoma-
lies correlate the coupling of the light quarks to those of
the third generation as well as leptons, upper bounds on
gq and correspondingly σZ′ can be obtained and com-
pared with those obtained from direct searches. In the
first instance, we assume 100% branching fraction in the
electrons. Consider the case where the coupling to the
muons is zero. Left plot of Fig. 4 gives the change in the
magnitude of light quark coupling for a 3 TeV resonance
with the current (blue) and with 10% improvement in
the measurement of QCsW . The corresponding changes in
the cross sections are given in the right plot of Fig. 4
for different masses which give the upper bound on σZ′
for different benchmark masses. The upper bound on
σ × B(Z ′ → ee) for the corresponding masses is given
by the solid black line corresponding to the values ex-
tracted from [36] 1. The significance of this result lies
in the fact that even with an unrealistic assumption of
100% branching fraction into electrons, a mild improve-
ment in the APV sensitivity could be comparable with
the bounds from direct searches . If one assumes a SM
like branching fraction of 3% into electrons, the current
sensitivity is roughly compatible with the direct searches
for masses 3 TeV and higher. Improvements by ∼ 10%
is illustrated by the dotted pink line thereby resulting in
even better sensitivities. The upper-bound on the com-
puted cross-section (σZ′) for masses ≥ 3.9 TeV is better
than the those obtained from direct searches where the
bounds are computed on the variable σB(Z ′ → ee). Thus
in a given model with a known B(Z → ee), the bound
from atomic physics can accomodate only smaller values
of σB than those allowed by direct searches. LHC is also
sensitive to probing non resonant NP effects by exploring
event multiplicity at the tail of the di-lepton pT spectrum
[38]. As an illustration we consider a non-resonant 10
TeV Z ′ production and explore the event multiplicities
in the regime pT > 900 GeV.
2 Using the CMS card of
DELPHES 3 [42], we extract events with two isolated elec-
trons, with the leading electron satisfying pT > 900 GeV.
The events are then distributed into bins of size 100 GeV
1 For a 4 TeV resonance we assume σB < 1 fb.
2 The model file for the signal is generated using FEYNRULES [39]
and matrix element for the process is produced using MADGRAPH
[40]. We use PYTHIA 8 [41] for the showering and hadronization.
each and we compute the following variable [43]:
Z =
√∑
i
(
2(si + bi) log
[
1 +
si
bi
]
− 2si
)
(15)
where si(bi) are the signal(background) events in the i
th
bin. The variable Z is a measure of the signal sensitivity
over the background expectation and is sensitive to the
differences in events in individual bins. Bottom left plot
of Fig. 4 gives the signal discovery significance over the
background as a function of the integrated luminosity.
It clearly illustrates the sensitivity of the LHC in prob-
ing the tail of the pT distribution. The right plot gives
the parameter space of couplings that can be probed at
3 ab−1. The shaded regions indicate the corresponding
signal sensitivity. A correlation between atomic physics
and such indirect signatures would be interesting as a
future exercise.
Constraints from atomic physics also have implica-
tions for the partial decay width of the Z ′ into fermions.
Note that in most models Z ′ → tt¯ constitutes the most
likely channel for discovery. As shown in the top bot-
tom right plot of Fig. 3, the allowed top-quark coupling
to Z ′ also reduces after the bounds from weak charge
measurements. For a 3 TeV resonance, the maximum al-
lowed width is ∼ 100 GeV when only the anomalies are
taken into account. However, atomic physics measure-
ments reduce the maximum allowed coupling as shown
by the red curve, thereby reducing the partial width to
∼ 30 GeV. While these constraints increasingly favour a
narrow width for the resonance enhancing the chances for
discovery, (σB)max could be beyond the sensitivity of the
LHC. It is to be noted that the electron coupling does not
change drastically before and after the imposition of the
atomic physics constraints. After the imposition of the
latter, the branching fraction into tt¯ becomes comparable
to that of ee.
Case B(and C:) This scenario is distinctly different
from Case A owing to the opposite sign of the Wilson
coefficients as required by the B anomalies. As a result
the coupling to the light quarks gq is always greater that
gt. In this case the features of the branching fraction into
a top-quark pair can be classified into the following two
categories:
1)L ↔ R symmetry for the top couplings: With the as-
sumption of gtL = g
t
R and with ge > g
t
L,R, will result in a
comparatively lower branching fraction into a top-quark
pair. Thus leptons are likely to constitute the most likely
discovery mode.
2)gtL < g
t
R for Case B: Since the flavour diagonal cou-
pling of the top singlets is a free parameter, one can also
accommodate a larger value of its coupling. This results
in the possibility of a larger branching fraction compared
to scenario 1. A similar argument also applies to Case C
with the difference that the coupling of the top doublets
6is a free parameter and one can accommodate gtL > g
t
R.
A large deviation between the coupling of the two chiral-
ities will also result in a forward backward asymmetry.
However, updated analysis from TEVATRON [44] would
strongly disfavour this scenario.
FIG. 4. Top: left plot gives the change in gq with 10% im-
provement in QCsW for a 3 TeV mass. Right plot gives the com-
putation of the maximum allowed cross section with current
(red) and after (pink dotted) improvement of QCsW . Bottom:
The plots illustrate the reach for a 10 TeV resonance. The
left gives the signal sensitivity as a function of the integrated
luminosity using the current bounds for atomic physics. The
right plot gives the corresponding regions in the gq− ge space
that can be probed at 3 ab−1 with shading representing the
corresponding sensitivity.
CONCLUSIONS
In a simplified model with a neutral heavy vector Z ′,
we study the correlation between the (electron only) so-
lutions to the B anomalies and weak charge measure-
ments of proton and Caesium atom. We demonstrate
that the extent of consistency with the weak charge mea-
surements is marginal. Depending on the assumption of
the chirality of the electron current coupling to Z ′, the
corresponding limiting behaviour in the C1u −C1d plane
is different, thereby serving as a useful discriminant be-
tween different patterns of solutions. Irrespective of the
form of solutions to the anomalies, weak charge measure-
ments impose bounds on the values of the coupling to Z ′.
This strongly motivates the need for possible future im-
provements in QCsW and Q
p
W [45] where the bounds on
the couplings especially for the heavier masses can sig-
nificantly improve those from direct searches.
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